Introduction
*Corresponding author; tkovacs@paprican.ca indicators in fish, there is a need to utilize a test that can assess several endpoints simultaneously or to use more than one test for IOC and IOS work. In the EEM context, as a bare minimum, there is a need for laboratory tests to be predictive of effluent-related effects on gonad size in wild fish. However, the development of gonads in wild fish is the culmination of a complex and often lengthy process that depends on a variety of factors, such as temperature and nutrition, as well as endocrine development or function and general physiological status (Lam 1983; Donaldson 1990) . Consequently, assessing the effect of mill effluents on gonad size and overall fish reproduction in short-term laboratory tests is a difficult challenge.
There are several laboratory tests and species that can be used for assessing the effects of various substances on fish reproduction (Parrott 2005; Kovacs et al. 2006 ). In the case of mill effluents, past tests most frequently used fathead minnow (
) and involved life-cycle (egg to adult) exposure, typically lasting 4 to 6 months, or exposure of only adults that consisted of a two-to three-week pre-exposure period followed by a three-week effluentexposure phase (Parrott 2005; Kovacs et al. 2006 ). The latter test was specifically developed as an abbreviated version of the life-cycle test for evaluating the ability of individual substances to cause endocrine disruption (Harries et al. 2000; Ankley et al. 2001 ). The tests with fathead minnows were particularly useful because several endpoints, such as egg production, secondary sexual characteristics, and sex hormone levels, could be assessed simultaneously. In tests with mill effluents, egg production was found to be one of the
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Tibor Kovacs,* Pierre Martel and Maria Ricci ≤ most sensitive endpoints (Parrott 2005) . Some tests with mill effluents used other species. One example is the use of mummichogs ( ) in 7-day and 21-day tests where the focus was on a specific endpoint: plasma sex hormone levels (Dubé and MacLatchy 2000) . While tests with both fathead minnow and mummichog have been successfully used for IOC and IOS work in the past and have yielded valuable information, such as the identification of condensates and a combined alkaline stream at bleached kraft mills as a major source of substances reducing sex hormone levels in mummichog (Dubé and MacLatchy 2001) and egg production in fathead minnow (Rickwood et al. 2006) , respectively, the availability or development of still shorter-term tests would be helpful for future IOC and IOS work. Because IOC and IOS work can be extensive and may involve effluent manipulations, including filtration and fractionation, or the evaluation of changes in effluent quality before and after technological changes, a critical requirement of the laboratory test(s) is to be practical in terms of the quantity of effluents (e.g., 1 m ) and length of time that are needed. Preferably, the test would require less than 10 days to be completed.
The objective of this work was to develop a fish reproduction test with a duration not exceeding 10 days and to evaluate its effectiveness for IOC and IOS work with mill effluents. Essentially, this was achieved by shortening the adult fathead minnow reproduction test by reducing the preexposure and effluent-exposure phases. We then evaluated the ability of the shortened test to measure the effects of mill effluents mainly on egg production and to a lesser extent on other reproductive indicators.
Effluent samples were taken at two newsprint mills. Mill A is a thermomechanical pulp (TMP) mill that uses black spruce (~89%), balsam fir (~10%) and pine (~1%) chips, as well as recycled paper, to produce about 800 t/day of newsprint. The effluent (~32 m /t) from the mill is screened to remove large debris and is then treated in a sequential batch reactor with a treatment time of approximately 5.5 h. Mill B is also a TMP mill that uses balsam fir (~80 to 85%), black or white spruce (~10 to 15%) and aspen (~0 to 5%) chips to produce about 710 t/day of newsprint. The effluent (~21 m /t) from the mill is treated first in a primary clarifier followed by an activated sludge plant with a retention time of approximately 24 h. Both mills use sodium hydrosulphite for brightening.
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Effluent Sampling and Analysis
Fathead Minnow Reproduction Tests
At Mill A, grab samples of combined mill effluent before and after biotreatment were taken by mill staff on January 24 and February 13, 2006, respectively. The effluent samples were shipped in 1000-L bulk containers lined with food-grade polyethylene. Upon receipt at Paprican, the contents were transferred to 210-L polyethylene barrels and stored at 4°C. The effluents were used in the experiments within 10 days of collection.
At Mill B, grab samples of biotreated effluent were taken by mill staff on March 22 and May 15, 2006. The effluent shipping and handling occurred in the same manner as for Mill A.
Each effluent sample was analyzed for pH, conductivity, hardness, total suspended solids (TSS), chemical oxygen demand (COD), biochemical oxygen demand (BOD ), ammonia and colour according to standard methods (APHA et al. 1998 ). Resin and fatty acids (RFA) were analyzed by a gas chromatographic method (Voss and Rapsomatiotis 1985) .The results of these analyses are shown in Table 1 .
Fathead minnow were raised in the laboratory according to standard protocols (Weber et al. 1989) . The fish were kept in well water (temperature, 25 ± 1°C; pH, 8.2; hardness, 258 mg/L as CaCO ; alkalinity, 164 mg/L as CaCO ) which was also used for controls and for making effluent dilutions. Males and females were separated upon the first appearance of signs of sexual maturity (e.g., coloration and development of ovipositors).The fish were fed commercial flake food, trout chow and frozen brine shrimp ( ) daily. The fish used in this study were approximately 12 months old.
The short-term reproduction test was adapted from the adult fathead minnow reproduction test procedures described by Ankley et al. (2001) .The original test calls for a two-or three-week pre-exposure period followed by a three-week exposure to the substance studied. In the test carried out as part of this study, the pre-exposure period was shortened to 7 days and the period during which the fish were exposed to effluent was shortened to 5 or 6 days. During the tests, the fish were fed freshly hatched brine shrimp three times daily.
For the pre-exposure phase of these tests (4 to 7 days), mature fish of the same age were selected and distributed in groups of two males and four females. Each aquarium contained two spawning substrates made from 8-cm lengths of food grade polyvinyl pipes with a 10-cm diameter, cut in Artemia salina ≤ half longitudinally. These groups were kept in continuously flowing well water with a volume renewal time of 4 to 6 hours. Spawning substrates were monitored for daily egg production.
The effluent-exposure phase of the tests was initiated by selecting groups that demonstrated good reproductive performance ( 18 eggs/female/day, 3 spawning events) during the 7-day pre-exposure phase, and these groups were randomly assigned to the replicates for each of the treatments. For tests with effluents from Mill A, these included 7 replicates of 0% (control) and 10% v/v of the combined effluent (from Jan. 24, 2006) prior to biotreatment, and 4 replicates of 0%, 10% and 100% v/v of the final biotreated effluent (from Feb. 13, 2006) . The effluent concentrations were selected on the basis of adult fathead minnow reproduction tests carried out previously with effluents from this mill in November 2004 (Martel et al. 2006) . This allowed comparisons to be made between the tests in this study and the longer-term tests done previously. As well, based on previous work (Martel et al. 2006) , these effluent concentrations did not cause any fish mortality. The effluent exposure times were 6 days in both tests. The test with effluent (from Mar. 22, 2006) from Mill B included 4 replicates of a control, 10% and 100% v/v of the final biotreated effluent, and the effluent exposure phase was 5 days. The effluent exposure phase of the test with Mill A effluent before biotreatment ended after 6 days, at which time the fish from four of the seven replicates were sacrificed for morphometric and biochemical measurements (see below). The fish in three of the seven replicates were kept alive in well water for another 4 days to monitor for possible recovery. The effluent exposure phase of the test with biotreated effluent (from Mar. 22, 2006) from Mill B ended after 5 days, at which time effluent exposure was stopped and the egg production capacity of the fish in all four replicates was monitored for another 3 days. The fish were sacrificed at the end of the recovery period.
A portion of the Mill B biotreated effluent sample from May 15, 2006 was filtered by a Koch Instruments Microfiltration unit (tubular type XP217 microfiltration membrane with a pore size of 1 to 2 µm). The original effluent, the permeate or filtrate (about 90% of the original) and the concentrate (about 10% of the original), reconstituted with well water to the original volume, were tested at full strength along with controls. In these tests, also carried out with 4 replicates, the pre-exposure and effluentexposure phases were 6 and 5 days, respectively. The fish exposed to the permeate were kept alive for an additional 5 days in well water.
In all tests, each replicate was kept in a 12.5-L glass aquarium under flowthrough conditions. A serial diluter system was used to deliver the required effluent concentration. The volume replacement time was 4 to 6 times per day. Throughout the experiment, all aquaria were aerated at a minimum rate of 6.5 mL/min/L. The pH (6.9 to 8.6), temperature (25 1°C) and dissolved oxygen ( 56% saturation) were recorded daily. The accuracy of the concentrations delivered by the flowthrough apparatus was verified daily by measuring the flows of water and effluent. The photoperiod throughout the study was 16 hours light and 8 hours dark.
During the effluent-exposure phase, the fish were
monitored for the number of spawns and the amount of egg production. At the end of the tests, each fish was weighed, measured for length and examined for secondary sexual characteristics using the criteria described earlier (Martel et al. 2004; Kovacs et al. 2005) . Observations included: coloration, banding, size of the dorsal pad, presence of a dorsal fin spot, number of nuptial tubercles, presence and development of an ovipositor and body roundness. These features are normally seen in only one of males or females, but fish of both sexes were examined for each feature.
In tests with the January and February samples of effluents from Mill A, the fish were then sacrificed, the morphometric parameters (i.e., body weight, length and gonad weight) of each fish were recorded and the condition factors (weight/length ) and gonad somatic indices (gonad weight/body weight x 100) were calculated. Afterwards, the fish (including heads, tails and internal viscera except for gonads) were homogenized in phosgel (0.04 M Na HPO4, 0.009 M NaH PO , 0.1% gelatin and 0.0002 M Thimerosal with a pH of 7.6) buffer at 4°C and centrifuged at 3100 g for 10 min. The resulting supernatants were stored at -85°C for sex steroid and vitellogenin (VTG) analysis. Analysis for sex steroids was performed by enzyme immunoassay (EIA) using the reagents and plates purchased from Cayman Chemical (Mich., U.S.A.) after ether extraction of the supernatants.The supernatants prepared from females were analyzed for estradiol and testosterone, while the supernatants prepared from males were analyzed for testosterone only. The results of steroid analysis were expressed as picograms of steroid hormone per gram of fish. VTG analysis was conducted only on male homogenates using the fathead minnow VTG enzyme immunoassay (EIA) kit from Biosense Laboratories (Bergen, Norway). The analysis is based on a sandwich EIA utilizing specific binding between antibodies and VTG for the quantification of minnow VTG. Results of the analysis were expressed in nanograms of VTG per gram of fish. All samples were assayed in duplicate.
Statistical analyses were carried out with SAS OnlineDoc 9.1.3 (SAS Institute Inc., Car, N.C., U.S.A.) and STATGRAPHICS Centurion XV Professional (StatPoint Inc., Herndon,Va., U.S.A.).The data were log transformed to meet assumptions of normality and homogeneity. The mean egg production (eggs per female per day) and number of spawns at the end of the tests were compared for significant differences by analysis of variance (ANOVA), as was done by Ankley et al (2001) for the adult fathead minnow reproduction test, with the aquarium being the experimental unit of replication. To compare the progression of the cumulative mean egg production with biotreated effluent from Mill A, a repeated ANOVA was also used.
Total body weight and length, gonad weight and wholebody estradiol, testosterone and VTG analysis results were compared for significant differences using an ANOVA model with the aquariums as a nested factor. A covariate of body weight was added for gonad weight, and a covariate of length was added for fish weight. In all cases when the ANOVA indicated a significant effect, Dunnett's procedure was used to compare the treatments with the control. For the data from the test with the effluent from Mill A prior to biotreatment, Statistical Analysis the controls were compared to the fish exposed to 10% effluent by the two-sample t test. In cases where normality and homogeneity assumptions were not met (i.e., subjective ratings of secondary sexual characteristics and VTG measurements in males for the tests with the biotreated Mill A effluent), the replicate means were compared by the nonparametric Kruskal-Wallis test. All statistical comparisons were made at the 5% significance level (p < 0.05).
None of the effluents affected morphometric parameters (detailed data not shown). The mean body weight, length, condition factors and gonad somatic indices (GSIs) of males ranged from 4.4 to 5.9 g, 68.3 to 76.9 mm, 1.3 to 1.6, and 1.0 to 1.7%, respectively. The mean body weight, length, condition factors and GSIs of the females were 2.0 to 2.8 g, 52.4 to 59.9 mm, 1.3 to 1.4, and 12.7 to 17.5%, respectively.
The egg production (mean egg per female per day) and the number of spawning events at the end of the experiments are summarized in Table 2 . Mill A effluent prior to biotreatment (from Jan. 24, 2006) caused a virtual and immediate cessation of spawning and egg production at the 10% concentration. Of course, this effect was statistically significant (two tailed t test, p = 0.0006 for egg production and p = 0.00015 for spawning events). Once the effluent exposure was stopped, the fish immediately resumed spawning and egg production. The Mill A biotreated effluent (from Feb. 13, 2006) did not decrease egg production at the 10% concentration, but the egg production in 100% effluent was about half as much as was present in the controls. However, neither ANOVA nor repeated measures ANOVA analysis found the difference at the 100% concentration to be statistically significant. The March 22, 2006 biotreated effluent from Mill B caused a significant reduction in egg production at a concentration of 100% (ANOVA, p = 0.0035 and Dunnett's test), but caused no significant effects at the 10% concentration. Once the exposure of fish to 100% biotreated effluent from Mill B was stopped, the fish immediately resumed spawning and egg production-as occurred with the effluent prior to biotreatment from Mill A. The May 15, 2006 biotreated effluent from Mill B caused an almost complete shut down of egg production and spawning at the 100% concentration (ANOVA, p < 0.0001 and Dunnett's test for egg production; ANOVA, p = 0.012 and Dunnett's test for spawning) as did the permeate of this effluent after microfiltration (ANOVA, p < 0.0001 and Dunnett's test for egg production; ANOVA, p = 0.012 and Dunnett's test for spawning). The concentrate, reconstituted in well water, did not significantly affect egg production. The fish in the permeate that were allowed to recover in well water resumed egg production instantaneously.
Biochemical indicators were only measured in fish exposed to
Results
Morphometric Parameters Egg Production and Spawning
Biochemical Indicators the effluents from Mill A. The whole-body sex steroid levels for males and females as well as VTG activity in males are summarized in Tables 3 and 4, respectively. Neither the effluent before biotreatment nor after biotreatment affected testosterone or VTG concentration in males. The VTG activity in males exposed to 10% and 100% biotreated effluent was about six-to eightfold higher than in controls, but this was not found to be statistically significant because the differences were caused by only one fish in each treatment group. There was also substantial variation in the VTG activity of males from the two controls, with the VTG activity being 1547 ng/g in one control and only 372 ng/g in the other.
In females, the 10% effluent prior to or after biotreatment did not affect testosterone or estradiol in wholebody homogenates. However, the 100% effluent after biotreatment significantly reduced both testosterone (nested ANOVA, p = 0.043 and Dunnett's test) and estradiol (nested ANOVA, p = 0.0002 and Dunnett's test) levels.
The number of tubercles, dorsal pad size, body coloration (including banding), and presence/absence of dorsal fin spot in males were unaffected by effluent exposure (data not shown). Similarly, the ovipositor score (absent = 0, present and closed = 1, present and open = 2) and abdomen roundness in females were also unaffected by the effluents tested. There was no evidence of masculinization (e.g., dorsal pad in females) or feminization (e.g., ovipositor in males) in any of the tests.
The main focus of this work was to determine if the existing adult fathead minnow reproduction test (Harries et al. 2000; Ankley et al. 2001 ) could be shortened and still reliably assess the effect of mill effluents on fish egg production. There was evidence for this possibility in our survey of 13 effluents using the adult fathead minnow fish reproduction test (Martel et al. 2004; Kovacs et al. 2005; Martel et al. 2006 ). In these tests, which require three-week exposure to mill effluents, we observed that egg production was affected, almost ceasing completely, as soon as the fish were exposed to the effluent. This observation suggested that tests with effluent-exposure durations of less than 3 weeks, such as 5 to 7 days, could be sufficient for assessing effects on egg production. As well, we wanted to assess if the pre-exposure phase of tests with adult fathead minnow could be reduced to a few days instead of the recommended period of 2 to 3 weeks.
To find out, we tested effluents from two TMP newsprint mills and we posed three questions. Could the shortened test (i) provide responses similar to those obtained in tests of longer duration, specifically the adult fathead minnow reproduction test, (ii) distinguish between effluents before and after biotreatment as well as between biotreated effluents with different potencies, and (iii) differentiate between the permeate and concentrate of an effluent sample subjected to microfiltration? These would be basic requirements for laboratory tests to be used for IOC and IOS work. While the main focus in these tests was on egg production, limited work was also carried out on biochemical indicators and morphometric characteristics. Results are expressed as means (standard deviation). Effluent-exposure phase means are based on 15 fish (3 replicates with 4 fish, 1 replicate with 3 fish); recovery phase means are based on 10 fish (2 replicates with 4 fish, 1 replicate with 2 fish). Effluent-exposure phase means are based on 16 fish (4 fish in 4 replicates); control means are based on 15 fish (4 fish in 3 replicates, 3 fish in 1 replicate). NT, n ot tested. * Significantly different from the control (p < 0.05).
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Egg Production
For Mill A effluents before biotreatment, we were able to compare the egg production data from the test of this study (January 2005) with the results of the longer-term adult fish reproduction tests that we completed in November 2004 (Martel et al. 2006 ). The 10-day test (4-day preexposure and 6-day 10% effluent exposure) with effluent before biotreatment provided the same information as the full adult fathead minnow reproduction test with a duration of 42 days (21-day preexposure and 21-day exposure to 10% effluent) (Fig. 1) . Essentially, the 10% effluent before biotreatment caused a cessation of egg production as soon as the fish were exposed to the effluent. These tests indicated that in terms of egg production, the shorter-and longer-term tests provided the same information.
The shortened test in this study was also able to distinguish between the potencies of effluents before and after biotreatment. Specifically, the Mill A effluent before biotreatment shut down egg production at a 10% concentration while the 10% and 100% biotreated effluent did not significantly affect egg production (Table 2) , demonstrating the benefit of biotreatment as was reported on the basis of longer-term tests previously (Martel et al. 2006) . Furthermore, the shortened tests were able to successfully differentiate the potency of biotreated effluents from two mills. Figure 2 shows the results of tests with biotreated effluents from Mills A and B. Neither effluent affected egg production at a 10% concentration. However, at a 100% concentration, the effluent from Mill B caused a virtual stoppage of egg production, while the effluent from Mill A did not cause a statistically significant reduction.
The shortened tests were even able to provide some leads as to potential mechanisms regarding the effect of mill effluents on egg production. Figure 3 shows the results of tests with 10% Mill A effluent before biotreatment and 100% Mill B effluent after biotreatment. In both cases, the effluent exposure phase was followed by a recovery period where the fish were no longer exposed to effluent but were kept in well water. In both tests, the cessation of egg production was instantaneous upon effluent exposure and recovery was also instantaneous. This suggests that the effects were caused by waterborne exposure and did not require substantial bioaccumulation (Ankley et al. 2001 ). This corresponds with what is known to date about the effects of mill effluents on fish reproduction, both from laboratory and field studies (McMaster et al. 2003; Kovacs et al. 2006) ; the causative agent(s) is not a hydrophobic compound(s). The similarity of responses caused by effluents before and after biotreatment, albeit the effluents were not from the same mill, also suggests that the causative agents in the effluents were similar. If this is true, it raises the possibility that differences in water usage (~32 m /t at mill A and~21 m /t at Mill B) or-more likely-biotreatment performance were important factors for differences in effluent quality, in terms of effects on egg production, between Mills A and B. Finally, the immediate cessation of egg production by the effluents in this study is similar to what was reported for methyltestosterone (MT) by Ankley et al. (2001) . In the case of MT, the sudden effect on egg production was linked to a possible androgen inhibitory effect related to the maturation and release of eggs.
One of the first steps in toxicity identification evaluation (TIE) work is effluent filtration (Norberg-King et al. 1991) . Any test used for such work should be able to distinguish between the role of the solids and soluble portions of the effluents in causing biological effects. For this reason, we applied the shortened reproduction test to a biotreated effluent sample with and without filtration as well as with the solids that were reconstituted in well water (Fig. 4) . The test indicated that egg production was affected by the soluble material in the effluent (permeate), and was not related to the >1 to 2 µm solids. The soluble fraction affected egg production in the same manner as with other effluents in this study, i.e., causing an instantaneous reduction of egg production on effluent exposure (Fig. 1 to 4) and instantaneous resumption following cessation of effluent exposure (Fig. 3) .
As this study was not meant to identify causative agents, there were no extensive chemical analyses of the effluents or the various fractions other than what is shown in Table 1 . The original sample from May 15, 2006 was found to have over 6 mg/L total ammonia. While this cannot be entirely ruled out as a contributor to the observed effect on egg production, it is worth noting that a sample from March 22, 2006 from the same mill had less than 1 mg/L total ammonia, yet affected egg production in the same manner.
The morphometric indicators and secondary sexual characteristics of the fish did not provide additional insights, as these parameters were largely unaffected by the effluents in this study. This may be because of the relatively short effluent exposure period. While the development of male secondary 3 3
Morphometric/Biochemical Indicators and Secondary Sexual Characteristics sexual characteristics in females exposed to MT has been reported to occur in less than 6 days (Ankley et al. 2001) , MT is a strong androgen; the pulp and paper mill effluents in this study did not have sufficiently potent components that could affect morphometric indicators or secondary sexual characteristics in the short effluent-exposure period. The evaluation of biochemical indicators was limited to tests with effluents from one mill. Effluent-related effects on steroids were observed, thereby indicating the capacity of the test to detect such responses. However, the biochemical indicators were not predictive of effects on egg production.
For example, while 100% biotreated effluents from Mill A did not affect egg production, the 100% effluent did reduce sex hormone levels in females. By contrast, in the test with Mill A effluent before biotreatment, none of the biochemical indicators were affected by the effluent, whereas egg production was stopped.
There was substantial variability in the biochemical endpoints measured, both in control fish and in fish exposed to effluents. This may have occurred in part because analyses were performed on whole-body homogenates and not only the plasma. This may have compromised both precision and interpretability. Further work will be needed to determine if endpoints other than egg production, such as morphometric or biochemical indicators and secondary sexual characteristics, have any potential for EEM-related IOC and IOS investigations.
Overall, we found the shortened fish reproduction test described here to be a practical tool that could be considered for IOC and IOS work involving priority cases where pulp and paper mill effluents cause a pronounced effect on egg production. The 7-day pre-exposure phase was sufficient to select groups of good spawners, and the 6-day effluentexposure phase was sufficient to detect the virtual cessation of egg production which, based on results of previous tests (Martel et al. 2004; Kovacs et al. 2005; Martel et al. 2006 ), appears to be the most common response. At this time, we do not know if this test has sufficient sensitivity to detect effects on egg production during the shortened effluent exposure phase when a virtual shutdown has not occurred.
We did not standardize test conditions such as preexposure period, effluent exposure duration or numbers of replicates in this study as the tests were of an exploratory nature; we were interested in seeing if slight variations could influence the findings. Based on the experiments to date, the variations in these test conditions were not critical and, as such, the test is sufficiently robust to be applied under a variety of conditions. For standardization purposes, we recommend a pre-exposure phase of at least 4 days, followed by an effluent-exposure phase of 5 to 6 days as this would allow the tests to be completed in 10 days. As well, 4 replicates yield sufficient egg production data and allow the tests to be carried out with 1 m of effluent.
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